Sub-solvus recrystallization mechanisms were studied in a nickel base superalloy and the initial microstructure was found to influence the operating mechanism. Processing maps were developed to describe recrystallization for 3 different initial microstructures. In the cast-wrought condition, recrystallization takes place by nucleation and growth along grain boundaries between y' particles in a similar fashion to single phase alloys. For large grain, small y' structures, growth of recrystallized grains was found to occur primarily by boundary looping of they', leaving the y' misoriented with the new matrix. Electron backscatter diffraction was used to measure the orientation of the y matrix and the y'. After a heat treatment that resulted in static recrystallization, three y' orientations were found in the recrystallized grain, includingy' with a twin relationship to the matrix. A mechanism is proposed to describe the formation of the cast-wrought structure consisting of fine grains and y' misoriented with both they matrix and neighboring f.
Introduction as 50% to increase high temperature mechanical properties. The presence of the coherent ordered y' precipitates in the microstructure at deformation temperatures results in complex recrystallization micro-mechanisms which need to be understood if one wants to optimize the thermomechanical processes necessary to manufacture forged components. Second phase particles act as barriers to grain boundary motion. This effect, known as Zener pinning, plays a major role in retarding recrystallization, and may also affect grain nucleation. The volume fraction second phase (FJ and particle size (r) are critical variables for grain boundary pinning, as they determine interparticle spacing. It is generally accepted that, if FJr > 0.2 pm-', recrystallization will be inhibited ( 1) . UDIMET@* alloy 720LI (720) is a challenging alloy as the y' solvus temperature is quite high for a cast and wrought superalloy. Above the solvus temperature, grain growth is rapid and the workability of the alloy decreases dramatically; therefore the material is worked sub-solvus. The volume fraction of y' at working temperatures is approximately 20%, so according to the above rule, recrystallization will be retarded when the particle radius is less than lpm. Particle radii < 0.5pm are typically Recrystallization in multiphase microstructures is an important mechanism for conversion of nickel base superalloy ingot to wrought product. Typical cast-wrought nickel base superalloys contain a y' volume fraction as high * UDIMET is a registered trademark of Special Metals Corporation. found in air cooled and furnace cooled specimens after supersolvus solutioning. Since grain boundary motion is suppressed by particle pinning, additional mechanisms must exist to enable boundary motion through a sub-solvus material.
The interaction of the grain boundary and the second phase during recrystallization in superalloys has been extensively studied (2) (3) (4) . Several processes have been reported for Ni based superalloys: 1. Dissolution of the y' precipitates after contact with the boundary and coherent re-precipitation of they' either at or behind the boundary; 2. Grain boundary pinning by the coherenty'which have coarsened at the grain boundary, and subsequent nucleation of new grains to form a necklace structure about the original grain boundary; 3. Grain boundary cutting through a y' precipitate and reorienting the precipitate to the orientation of the recrystallized grain (rarely seen). The most common mechanism for Ni based superalloys was found to be dissolution and re-precipitation of the y'.
Little work has been done on dynamic or static subsolvus recrystallization with a y' diameter 2 0.5pm. The effect of y' size and interparticle spacing has not been addressed within a given alloy system, nor has the associated mechanistic changes in recrystallization. The interparticle spacing also affects the competition between recovery and recrystallization. Recovery can be quite rapid since the working temperature is approximately 0.9T,, and they' pm grain boundaries and inhibit recrystallization. The current work attempts to expand the current understanding of subsolvus recrystallization in nickel base superalloys by examining the different recrystallization mechanisms within a single alloy system containing varying microstructures deformed under a range of conditions.
Experimental Approach
Three initial microstructures of UDIMET alloy 720LI were compression tested and the recrystallization response was evaluated using light optical microscopy, scanning electron microscopy and electron backscatter diffraction. The composition of the alloy used in this study is given in Table I . The alloy was heat treated to three different starting microstructures to evaluate the effect ofy' size and distribution on subsolvus recrystallization. The first microstructure was typical cast-wrought material rolled to 28.6mm (1 I/S') bar, containing large y' and small grains (material A). For the other two microstructures, the asrolled material was solutioned and furnace cooled to form a large grain, fine y' microstructure (material B). This material was then aged below the solvus to coarsen the y' to an intermediate size (material C). The y' sizes given in the paper were evaluated using image analysis after a heat treatment at 1110°C. Cylindrical compression samples were made from each microstructure and the samples were deformed 30% at several temperatures (1066°C (1950"F), lllO°C (2030'F) and 1132°C (2070°F)) and three strain rates (1, 0.1 and 0.01 .sec-'). The compression test resulted in a barrel shaped specimen with non-uniform deformation from the bottom to the center of the sample. A wedge shaped dead zone was found in each end of all samples where die lock occurred. Samples were then air cooled or oil quenched to room temperature and evaluated both after deformation and after subsequent heat treatments to evaluate dynamic and static mechanisms. The heat treatment temperature used for all samples was 1132V. Samples were etched with either modified Kallings (1 OOml methanol, lOOm1 HCl, 50g CuC&) or Chromate (460ml HsP04, 25ml H$Od, 50g Cr0.J.
The resulting microstructures were analyzed using light optical and scanning electron microscopy. Table I . Al10 corn osition in wei ht ercent.
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The orientations of the y' precipitates and the surrounding matrix were investigated using the electron backscattered diffraction technique (EBSD) in the SEM. This technique allows the orientation of the observed crystals to be described by indexing the diffraction patterns generated by the backscattered electrons on a detector. By mapping the orientations as a function of position on the sample, an orientation map or OM can be generated and analyzed. The data was collected by TSL Inc. on specimens which were first polished down to 0.05 micron using a silica solution. A backscattered electron image (BEI) of the scanned area was then taken in order to associate each phase with its orientation. The orientation data were analyzed using TSL software and various representations of the orientation data were constructed. The misorientation between two adjacent areas can be visualized by associating different colors to the two misoriented regions. In addition, regions of same orientation were highlighted in the orientation maps. Those orientation images were then superimposed with the backscattered electron images of the same area.
Results

Microstructures
Material A (as-rolled material) contained large y' (2.8um) and small grains (15um). EBSD of this structure showed that the y' are misoriented with the surrounding grains, Figure 1 . An SEM image and an EBSD image of the same area are shown in Figure 1 , and the two are overlayed in 
Processing Maps
Processing maps of strain rate vs. temperature were generated for the three microstructures, Figure 2 . The process maps were created to evaluate the recrystallization response of the three microstructures to the testing variables that control recrystallization, namely strain rate and temperature (constant strain used for all tests). The result of the thermomechanical treatments to the material can generally be described by three responses: no recrystallization; a necklace of new grains at the original grain boundaries; or as some percentage of dynamic recrystallization. [Values for percent recrystallization are average values across the entire sample. The effect of changing strain and strain rates along the radius of the sample was therefore not addressed.] For material A, the processing map is separated into these three responses, although necklacing is the beginning of dynamic recrystallization for this microstructure.
No dynamic recrystallization (DRX) was found at 1066°C or at low strain rates at 1 I 10°C. Some recrystallization was found in the form of a necklace as the temperature and strain rate was increased, Figure 3a . The percent recrystallization is also given in Figure 2a . 100% recrystallization was found at I 132°C and strain rates 2 0.1 set", Figure 3b . It should be noted that the dead zone of the compression sample was not included in the percent recrystallization values. The recrystallization of cast-wrought 720 was found to occur by new grains forming at the prior grain boundaries followed by grain growth until the deformed grains are consumed. This is a classic recrystallization mechanism in single phase alloys. Since the grain size of material A is on the order of the y' spacing, little to no y' exists within each grain, so on this scale the material behaves similarly to a single phase alloy.
The processing map for material B is given in Figure 2b . It was found that strain rate was a more important variable for dynamic recrystallization than temperature for this microstructure (as compared to material A). Again, the three responses were found in the material.
No recrystallization was found at low temperature and low strain rate. At higher temperatures and strain rates I 0. I set -I, a necklace of fine grains 5 -10 pm wide formed at the original grain boundaries. At a strain rate of 1 set-', dynamic recrystallization was found for all three temperatures. The recrystallization was primarily within the grains and no longer associated with the boundaries. Preferential recrystallization was also found at nitrides within the matrix.
The processing map for material C is given in Figure 2c . Again, no recrystallization was found at low temperatures and strain rates. Temperature (C) 4 Microstructure B Etched in was found at 1066°C and a strain rate of 1 set-I, as compared to 1 O-1 5% DRX for material B. Increased recrystallization at 1132°C and strain rates I 0.1 set" was also found. Examples of dynamic recrystallization are given in Figure 4 , where Figure 4a shows a finer grain size along the original grain boundary and larger grains towards the center of the grains, and Figure 4b shows the recrystallization front, with the newly recrystallized grain on the right. No change in they' size was found due to the dynamic recrystallization, although some evidence of the y' inhibiting boundary motion was seen.
(b) 
Effect of Heat Treatment
Samples from material B & C were heat treated at I 132°C for 5 hours and it was found that select samples statically recrystallized. The amount of recrystallization after the heat treatment is given in parentheses on the process maps (Figures 2b & c) for each sample. For both materials, samples that were tested at temperatures I 11 10°C and strain rates 2 0.1 see-' were found to be 100% recrystallized after the heat treatment. Those samples tested at lower strain rates and higher temperatures tended to have less static recrystallization. Material B showed very little static recrystallization under these test parameters, whereas increased static recrystallization was observed for material C. The recrystallized grain size changed from the center to the edge of the prior grains. Near the prior grain boundary, the grain size ranged from 20 to 50 pm while in the center of the prior grains, grain sizes up to 5OOpm were found. Similar results were found during dynamic recrystallization for material C. of the boundary about the particles. Significant coarsening of the y' and an associated decrease in the number of y' particles in recrystallized grains was observed relative to the y' in both the unrecrystallized regions and in dynamically recrystallized grains. The y' size increased from less than lprn to 2-3pm. A necklace structure that formed after heat treatment of a low strain rate / high temperature sample is shown in Figure 6 . Large y' reside along the original grain boundary and the new necklace grains are primarily devoid of y'.
Electron Backscatter Diffraction
EBSD was used to analyze the orientation relationship between the various phases and grains in order to provide insight on the dynamic and static recrystallization mechanisms that were observed in materials B & C.
An orientation map of a dynamically recrystallized region in material C is presented in Figure 7 . Recrystallization occurred after compression testing at 1 132OC, with a strain rate of O.lHz. The region in Figure 7 contains two recrystallized grains that were growing toward the top of the image when the sample was quenched. One can note that the y' size and distribution in the recrystallized grains and in the unrecrystallized grain at the top of the Figure are similar. The orientation map (OM) of the unrecrystallized grain shows that all the y' precipitates have the same orientation as the matrix, as no change in color can be seen in the OM. In this Figure the misorientation treshold for color change was set at a 10" misorientation angle. In the recrystallized grains, the y' is evidently misoriented with the new matrix. By highlighting all the regions with the same orientation as the unrecrystallized grain in red, it was found that all of the misoriented y' in the OM had the same orientation as the original top grain (Fig 7~) . A comparison of the microstructure and the EBSD results revealed that less than 5% of they' did not show up on the misorientation map. These y' either have the same orientation as the matrix in the new grains or were too small to be detected during the EBSD scan.
In the same material, material C, the orientation relationship between the precipitates and the matrix was analyzed in the recrystallized region after deformation at 1 I 10°C with a lower strain rate of O.OlHz. After deformation, no recrystallized regions could be observed in this sample. The deformed material was then heat treated for 5 hours at 1 132°C and recrystallized statically. The resulting microstructure can be seen in Figure 8 . An unrecrystallized grain can be seen in the upper left part of the figure, and the orientation image shows that the y' phase in this grain is oriented cube on cube with the surrounding matrix. By comparing the BEI image and the orientation image, it can be seen in the recrystallized grain that the majority of they' precipitates are misoriented with the surrounding matrix, as only a few precipitates are visible on the BEI image but not on the OM. By highlighting the phases with the same orientation, it was found that in the misoriented y' in the recrystallized grain are of two kinds. The first kind (red in the OM) have the same orientation as their parent grain, the unrecrystallized top grain. This is similar to the precipitates found in the dynamically recrystallized grain. The second kind (blue in the OM) are not oriented with the original grain, but rather have a special orientation relationship with the recrystallized grain.
A region containing the blue precipitates and the recrystallized matrix was selected and pole figures were generated with only these orientations, 
Discussion
It was found that the y matrix and the y' precipitates retained no residual orientation relationship in the as-rolled (cast-wrought) condition. Further, they' were misoriented with neighboring y'. [It should be noted that they' referred to here only include those that precipitated at the working temperatures.
y' that precipitate during the final strengthening heat treatment will be a fine, cube on cube oriented precipitate.]
However, when 720 is processed from ingot, the material is first homogenized, and after cooling, a large grain, fine y' structure is produced, similar to material B, where all of they' have the same orientation within a large grain. It has been well established that such precipitates effectively inhibit grain boundary motion. Previous recrystallization mechanisms that have been reported in subsolvus superalloys include solutioning of the fine y' ahead of the boundary and coherent reprecipitation in or behind the boundary, the boundary moving through the y' precipitate, or the pinning of the original boundary by y' and the formation of a necklace structure (2) (3) (4) . All of these mechanisms may eventually lead to a random grain orientation, however, they' tend to maintain a common orientation within each grain. The questions of what recrystallization mechanism(s) occurs in the subsolvus condition and how they' eventually change from a cube on cube orientation with the matrix to being misoriented with both the matrix and neighboring y ' have not yet been answered. The first step in answering these questions was to develop processing maps to understand recrystallization conditions in 720 with different microstructures.
In the as-rolled condition, material A, the grain size is on the order of the y' spacing. The y' tend to reside at the grain boundary triple points and inhibit further grain growth, but few y' reside within the grains or at the grain boundaries between triple points.
Recrystallization via necklacing at the boundaries was not significantly inhibited by they'. This was found to be especially true at higher temperatures where the y' spacing increased due to solutioning of the y'. Further grain growth after necklacing leads to full recrystallization, which was also accelerated at high temperatures. Hence, once the material has been worked enough so that the grain size is on the order of they' size, recrystallization occurs in a similar manner to a single phase material.
Material B has a tine y' size, so for all test temperatures below solvus, the y' spacing remains small. For this reason, temperature is a less significant recrystallization variable in this material, and strain rate appears to be the dominant recrystallization variable. It is interesting to note that dynamic recrystallization was found at a temperature of 1066°C and a strain rate of 1 set-' for this condition, while none was found in the other materials. This is likely related to how the material accommodates the deformation, but is outside the scope of this paper and will not be addressed further.
The processing map for material C appears to be a hybrid between materials A and B. A large shift in the dymanic recrystallization regime was noted between materials B and C, with increased recrystallization occurring at hotter temperatures and lower strain rates for material C. The coarser y' in material C equate to a larger interparticle spacing, which apparently encourages dynamic recrystallization at higher temperatures. However, the size of this shift was a bit surprising given that the starting microstructures are not vastly different for the two materials.
The heat treatment given to materials B and C resulted in 100% recrystallization for those samples tested at lower temperatures (I1 110°C) and higher strain rates (2 0.1 set-'). These test conditions lead to an elevated amount of stored work in the material, which upon heat treatment, resulted in full static recrystallization. Samples tested at higher temperatures and especially those tested at lower strain rates exhibited lower amounts of static recrystallization. This finding was attributed to recovery in the material. Materials that have high stacking fault energies, such as nickel, undergo recovery when deformed at high temperatures (5) . It has also been found that in low stacking fault materials, such as stainless steel, if recrystallization is inhibited by a second phase, then at sufficiently high temperatures, recovery can occur ( 1) . When the materials are deformed at lower strain rates, more time is available for dynamic recovery and cell wall formation. Reduced levels of static recrystallization in material B as compared to C under these conditions may be a result of increased boundary pinning by the smaller inter-particle spacing.
For recrystallization to occur in materials B and C, the grain boundary must be able to move through an area containing y'. As described previously, the y' precipitates inhibit boundary motion. The mechanism by which dynamic recrystallization occurred in these materials was grain boundary looping of the y'. The stages of looping can be seen in Figure 4b . The boundary initially contacts a y' (A) and is halted at the y'lrecrystallized grain interface. As the rest of the boundary continues to move, the boundary begins to bow around the particle (B). Finally, the boundary loops around the particle (C) and continues on leaving y' with their original orientation in its wake. The orientation map in Figure 7 clearly shows they' retain their original orientation after recrystallization. Both the microstructural and EBSD analysis support the boundary looping mechanism. It should be noted that grain boundary looping is not a new mechanism and often occurs for incoherent particles ( 1) . However, looping of coherent particles has rarely been reported. Looping of the coherent NbC phase in y-Fe was found by Jones and Ralph(6) but has not been widely reported for nickel base superalloys.
One possible reason that looping is rarely seen for coherent, cube on cube oriented precipitates is that the coherent particles are more effective at inhibiting grain boundary motion than incoherent particles. It has estimated(2) that coherent precipitates are up to 4 times more effective in resisting grain boundary motion than incoherent particles, due to the additional interfacial energy required to transform the particle/matrix interface from coherent to incoherent. Inter-particle spacing is also an important variable for this mechanism. The stress of the bowing boundary is inversely related to the radius of curvature of the boundary. If a very fine, uniform distribution of particles exists, the radius of curvature decreases between particles on the boundary and the resistance to boundary movement increases. As the particle spacing increases, the energy required for boundary movement decreases. It should be noted that once the first recrystallization front has passed through a region containing y' and the particles become misoriented with the matrix, further recrystallization should be easier in this region. Any future boundary would encounter incoherent particles and would no longer need to supply the additional energy to transform the coherent interface to an incoherent interface.
In the case of static recrystallization, some looping ofy' is still observed. The red y' in Figure 8 indicate some of the y' retain their original orientation. In addition, boundary looping can be seen in Figure 5 . However, additional processes occur during the heat treatment. Coarsening of the y' occurs during the heat treatment, and is at least partially a result of accelerated growth on the grain boundary. The boundary is a fast diffusion path for Al and Ti hence larger y' in the boundary will coarsen rapidly at the expense of smaller y' that come in contact with the boundary. Some matrix diffusion ahead of the boundary can also occur. The coarsening of y' in the boundary can be seen in Figure 5 . In fact, in cases of low driving force, grain boundary movement may not occur without this coarsening mechanism. Coarsening of the y' at the boundary reduces the number of precipitates and barriers to boundary motion. The y' continue to coarsen at high temperature after the boundary has swept past (Oswald ripening) and the coarsening kinetics may be accelerated 66 due to the higher interfacial energy of the misoriented y' with the matrix. Regardless of whether the accelerated coarsening is due to the boundary interaction, the misoriented y', or both, the coarsening is more rapid in the recrystallized region. The initial 48 hour heat treatment at 1132°C used to coarsen the structure in material B to material C resulted in a change in y' size from 0.7pm to 0.95pm. After the 5 hours at 1132°C for the static recrystallization, y' 2 to 3 pm in diameter were observed in the recrystallized regions.
Finding y' with a twin relationship to the y in the heat treated samples was surprising.
To the authors' knowledge, y' with a twin relationship to the y have not been previously found in nickel based superalloys. The mechanism for their formation is unknown. One potential mechanism for their formation may be similar to the formation of annealing twins. As the boundary moves and solutions some of the smallery', new y' may precipitate in the boundary, which has been documented by other investigators(2-4). It may be energetically favorable for the y' to grow with a twin relationship to the new grain in order to minimize the total free energy of the resultant boundaries between the y' and both the recrystallized grain and the original grain, In other words, if by forming the twin, they' lowers the interfacial energy between it and the old grain enough to offset the additional energy associated with the twinned interface, then this mechanism may be possible. For this mechanism to be viable, a special (low energy) orientation relationship should exist between the 'twinned' y' and the old matrix which would minimize the interfacial energy. However, no special relationship was found between these y' and the original matrix.
Another possible mechanism for the 'twinned' y' could involve the dissolution of the misoriented y' left behind from the looping process and the re-precipitation ofy' with some orientation to the matrix. The y' with the twinned relationship represent a lower interfacial energy precipitate, and while not being the lowest energy precipitate (cube on cube orientation), may be metastable. Nucleation of such a particle may require a defect in the matrix, such as a pre-existing annealing twin. Both of the above mechanisms also allow for the formation of y' oriented cube on cube with the matrix. This is an important point since y' oriented with the matrix were also found.
The original question of how a structure withy' that are misoriented to both the surrounding matrix and neighboring y' can now be addressed. It was found that, for dynamic recrystallization, one passage of a grain boundary through the material lead toy' misoriented with the matrix, but oriented with the surrounding y'. Additional dynamic recrystallization will not change the orientation of the y'. However, after heat treatment and static recrystallization, 3 y' orientations were found. If another recrystallization front was to pass through this region via the looping mechanism, three populations of misoriented y' would exist, and with additional holds at temperature, two more orientations ofy' (cube on cube and 'twinned' with the new matrix) could exist. It can be seen that repeated deformation and heat treatments could lead to condition where the y' are now misoriented with neighboring y'. In addition, as the material undergoes many repetitions of deformation and heat treatment, they' will coarsen to a point at which recrystallization can occur between the y'. The process described above represents a possible mechanism to go from a large grain, cube on cube coherent y' structure to a tine grain, misoriented y' structure.
Conclusions
Analysis of the recrystallization mechanisms has shown how the starting microstructure influences the operating mechanism for a given set of processing conditions. In the cast-wrought condition, recrystallization occurs by nucleation and growth along grain boundaries between y' particles in a similar fashion to single phase alloys. For a large grain, fine y' structure, growth of recrystallized grains was found to occur primarily by boundary looping of the y', leaving the y' misoriented with the new matrix. After a heat treatment that resulted in static recrystallization, three y' orientations were found in the recrystallized grain, including y' with a twin relationship to the matrix. A mechanism is proposed to describe the transformation of a large grain, fine y' structure containing y' with a cube on cube orientation to the cast-wrought structure consisting of fine grains and y' misoriented with both the y matrix and neighboring y'.
